The ATLAS Pixel detector has been equipped with an extra B-layer in the space obtained by a reduced beam pipe. This new pixel detector called the ATLAS Insertable B-Layer (IBL) is installed in 2014 and is operational in the current ATLAS data taking. The IBL detector is cooled with evaporative CO2 and is the first of its kind in ATLAS. The ATLAS IBL CO2 cooling system is designed for lower temperature operation (<-35⁰C) than the previous developed CO2 cooling systems in High Energy Physics experiments. The cold temperatures are required to protect the pixel sensors for the high expected radiation dose received at an integrated luminosity of 550 fb -1 .
Introduction to the ATLAS IBL Cooling
The ATLAS IBL is a new pixel layer in the space obtained by a reduced beam pipe diameter in the pixel detector [1] of the ATLAS experiment at LHC [2] . The IBL contains of 14 carbon fiber reinforced carbon foam staves oriented in a tilted layout around the beam pipe. Figure 1 shows a cross section of the IBL stave design with a cooling pipe, sensor and read out chip.
The IBL stave is triangulare carbon fiber prepreg (K13C2/RS3) structure of 20x4 mm with a K9 carbon foam core (28 W/m*K). A Titanium grade T40 cooling pipe of Ø1.7x0.1 mm is embedded in the foam core and glued with STYCAST ® 2850FT thermal conductive glue (1 W/mK). The pixel sensors are spot glued to the structure with a thermal grease layer on the surface for thermal contact. Each stave is instrumented along 640 mm and contains 32 pixel sensors and chips.
IBL Thermal requirements
The IBL sensors and chips produce a maximum of 68.21 Watt of heat per stave (955 W for the full IBL) at the very high fluences, of the order of 3x10ˆ15 n eq/cm 2 , associated to the LHC target integrated luminosity of 550 fb -1 [3] . The power breakdown of the different detector elements is shown in Table 1 . The total design cooling power for the system is about 3 kW, with an expected ambient heat load of about 1 kW. The required cooling temperature is from +15°C to -35°C. The cold temperature is needed to avoid thermal runaway of the sensors after being irradiated.
On detector cooling distribution
The 14 staves, equipped with cooling tubes of 1.7 mm diameter and 100 micron wall thickness are connected in parallel to the manifold which is located in an accessible zone in the muon detector area sector 5. Figure 2 shows the layout of the cooling tubes and the distribution to the manifold in a schematic layout of central part of the ATLAS detector. One full loop from the manifold back to the manifold is 31 m long. The inlet from the manifold is an Ø1.6x0.3 mm capillary of 11 m long. This capillary is placed concentric inside an Ø4x0.5 mm return tube of a neighboring stave which is flowing in the opposite direction. This concentric reverse flow approach uses the excess cooling capacity of the return fluid to keep the supply line cold and in liquid state. The concentric tubes are placed in an Ø18 mm vacuum insulated flexible hose with Multi-Layer Insulation (MLI) to shield against the ambient heat in the routing outside the Inner Detector End Plate (IDEP). Inside the IDEP the concentric lines are split to single tubes of Ø3x0.5 mm inner diameter in the so-called splitter box. In Figure 3 a picture of the IDEP region is shown. The vacuum flex lines are placed on top of the cable bundles. Vacuum flex lines were developed especially for IBL as the integration of cooling lines in the dense populated IDEP was very difficult. At some locations only 18 mm space was available to cross over with tubes including insulation. Only vacuum insulation technology could be used to obtain a proper shielding for these small diameters. Although the CO2 tubes are solid tubes, they are still flexible and free to bend due the small diameter. The flexible vacuum bellow hose makes the whole assembly also easy to bend and therefore easy to integrate. In fact the installation of the lines is comparable with routing of cables of a similar size. Due to the small size these lines require an active vacuum pumping system.
The Ø3x0.5 mm tubes from the splitter box are routed to the IBL PP1 region where they make a transition from stainless steel 316L tubing of the cooling system to the titanium grade T40 tubes of the IBL. The transition is done via a ceramic brazed joint which also serves as the electrical break to electrically isolate the detector from the cooling system. Next to the electrical break in the titanium part a miniaturized mechanical connector is present for the IBL installation. The supply cooling pipe dimension is the same as the IBL cooling pipe (Ø1.7x0.1 mm), where the outlet pipe of the IBL is larger (Ø2.2x0.1 mm) to the reduce pressure drop and hence temperature gradients. Figure 4 shows a simplified schematics of the ATLAS IBL CO2 cooling system [4] . It contains a cooling plant in the USA15 service cavern (left) and a manifold system in the UX15 experimental cavern (right). The flex lines are routed from the manifold to the individual cooling loops inside the detector. The plant and the manifold are connected together via a 100m long concentric transfer line. The concentric transfer line has the liquid supply line (10x1 mm) inside the two-phase return line (21.3x2.11 mm) to pre-heat the subcooled liquid from the plant to the same temperature as the returning two-phase mixture. It also shields the supply liquid from too much ambient heating at the same time. The transfer line is vacuum insulated with a stationary vacuum shield of 63.5 mm. The evaporation temperature in the detector and hence return transfer line temperature is regulated by the pressure in the accumulator. This storage vessel is pressure controlled by heating or cooling of the two-phase mixture inside. By controlling the accumulator pressure located in the USA-15 cavern, the temperature of the detector can be controlled very accurately over a long distance. As long as the pressure drop of the return line is sufficiently low, the accumulator pressure directly controls the evaporator pressure and hence temperature inside the detector. In this way no active regulation inside the detector is needed, making it a very reliable and stable cooling system. The method is called 2PACL which stands for 2-Phase Accumulator Controlled Loop [5] , as the accumulator control is the only major actively controlled item in the system. The 2PACL method is the default solution used nowadays for all CO2 cooling systems in particle physics experiments.
Cooling system

Cooling system overview
Manifold and junction box
Inside the detector in the UX15 experimental cavern there is a manifold box for the distribution of the 14 individual flexible cooling lines to the IBL. In the manifold box also the vacuum shield manifold is integrated. From here a single vacuum tube is routed to the outside of the detector to have the vacuum pumps being installed in a lower magnetic field region.
Next to the manifold box is a second distribution component called junction box. In the junction box there is all the instrumentation required for system monitoring. In this box a by-pass is present with a 3 kW dummy load heater for commissioning. The valves for the flow direction are manual as there is no need to activate them during operation.
Cooling plants
Figure 6: The redundant IBL cooling plants in the ATLAS USA15 service cavern
The cooling system has redundant cooling plants each with its own dedicated refrigeration system using a Hydrofluorcarbon mixture (R404A) as working fluid. The fluid volumes of the accumulator, transfer line and on detector distribution are shared, but the instrumentation in these sections such as sensors and heaters are redundant and linked to the corresponding plant control system. Each redundant cooling plant is driven by its own independent programmable logic controller (PLC) [6] . The IBL cooling system can operate on one plant only, the second plant can be taken out for service or repair. The second system usually operates in normal operation conditions in standby mode allowing an automatic swap in case of a failure of the active system. In stand-by mode the pump is circulating liquid CO2 over a local plant by-pass and is cooled by a small branch from the chiller of the active system. The automatic swap is transparent for the detector and does not interfere with the detector operation, only a small temperature glitch is usually visible. Figure 6 shows the redundant IBL cooling plants in USA15.
Commissioning
The system was successfully commissioned in 2014. Early commissioning was done without detector over the junction box only using the by-pass with the 3 kW dummy load. The commissioning was finalized with a full characterization of the thermal performance of the detector at several cooling temperatures both for a powered and an unpowered detector. Figure 7 shows the results of all the thermal characterization tests. Clearly visible is the increase of temperature gradient at lower cooling temperatures. At lower temperatures there is more pressure drop due to a lower vapor density. Also at lower temperatures the pressure drop becomes more significant, as the pressure is lower and causes therefore more temperature gradients. Especially the long and small diameter flex lines have the largest influence on the pressure drop and hence the thermal performance of the IBL cooling lines. In the left plot there is subcooled liquid present at temperatures above 10°C due to the cold environment of the surrounding pixel detector and the lack of heat from the unpowered detector. 
Operational experience
The operational experience has been very positive. The cooling system has proven to be very reliable. During physics runs there has been no downtime due to a cooling failure since its operation in spring 2015. Only one failure has occurred during a physics run, but the redundant system has taken over without detector operation interference. Only limited interventions were needed in technical stops so far for system improvements. There has been one Detector Safety System (DSS) interlock due to a software bug during a monitored swap. There was no data taking in this period.
The cooling system has shown a very stable temperature behavior, which turned out to be a positive feature with respect to the stave bowing issue [7] . The stability of the temperature due to the stable cooling system makes it possible to correct for bowing in the alignment software. The measured temperature stability is better than 0.2 °C (<0.05 °C RMS).
Since the start of the operation the IBL cooling has been operating at different temperatures. It started in May 2015 at -10°C. During the first 6 months a problem with the low voltage has occurred as it showed a current drift as a function of the received dose [8] . To overcome this phenomena the cooling system has been running at a higher temperature (+15°C) until June 2016. In June the temperature was lowered again to +5°C at which the detector is still operating. The IBL cooling system has shown operation stability at any given temperature between room temperature and its lowest verified limit which is -35°C (See Figure 7) .
Future aspects
The boiling onset inside the IBL cooling loops sometimes show problems to get initiated correctly. As a result super-heated liquid is present in the detector, which is warmer than the boiling temperature and has a worse heat transfer than the desired twophase flow. As a result the temperatures of the first modules is sometimes a few degrees higher (also visible in Figure 7 ), and as a consequence becomes problematic for the alignment correction due to the bowing effect. To study the phenomena and to see or the problem can be solved in IBL a test set-up has been created in ATLAS SR1 to reproduce this anomalies with a system mock-up including critical pipe diameters, lengths and comparable height variations. A large effect of super heating is seen also in the test set-up and a flow reduction is believed to be a solution for the current IBL. To do so flow restrictions have to be applied in the inlet manifold to contain the proper flow distribution. The observed onset of boiling problem is an important phenomena to be understood for future detectors designs.
